] out ) becomes elevated and, if uncorrected, causes neuronal depolarization, hyperexcitability, and seizures. Clearance of K ϩ from the extracellular space, termed K ϩ spatial buffering, is considered to be an important function of astrocytes. Results from a number of studies suggest that maintenance of [K ϩ ] out by astrocytes is mediated by K ϩ uptake through the inward-rectifying K ir 4.1 channels. To study the role of this channel in astrocyte physiology and neuronal excitability, we generated a conditional knock-out (cKO) of K ir 4.1 directed to astrocytes via the human glial fibrillary acidic protein promoter gfa2. K ir 4.1 cKO mice die prematurely and display severe ataxia and stress-induced seizures. Electrophysiological recordings revealed severe depolarization of both passive astrocytes and complex glia in K ir 4.1 cKO hippocampal slices. Complex cell depolarization appears to be a direct consequence of K ir 4.1 removal, whereas passive astrocyte depolarization seems to arise from an indirect developmental process. Furthermore, we observed a significant loss of complex glia, suggestive of a role for K ir 4.1 in astrocyte development. K ir 4.1 cKO passive astrocytes displayed a marked impairment of both K ϩ and glutamate uptake. Surprisingly, membrane and action potential properties of CA1 pyramidal neurons, as well as basal synaptic transmission in the CA1 stratum radiatum appeared unaffected, whereas spontaneous neuronal activity was reduced in the K ir 4.1 cKO. However, high-frequency stimulation revealed greatly elevated posttetanic potentiation and short-term potentiation in K ir 4.1 cKO hippocampus. Our findings implicate a role for glial K ir 4.1 channel subunit in the modulation of synaptic strength.
Introduction
Neuron-glia interactions in the CNS are extensive and complex. It has become apparent that proper CNS functioning depends on the bidirectional communication between these cell types. Astrocytes have emerged as a heterogeneous and multifunctional glial population. Astrocytes play a critical role in CNS development, metabolism, regulation of volume and ion homeostasis of the interstitial space, and induction and maintenance of the bloodbrain barrier. However, astrocyte functions receiving most interest are their regulation of synaptic levels of neurotransmitters, in particular glutamate, buffering of extracellular K ϩ , and release of neuroactive substances or gliotransmitters, all of which have been shown to directly modulate neuronal excitability and transmission (Fiacco and McCarthy, 2006; Haydon and Carmignoto, 2006) .
The pioneering work of Kuffler's group demonstrated that nerve impulses cause slow depolarization of glial cells attributable to K ϩ influx across their membrane (Orkand et al., 1966) . Based on this observation, they proposed the "K ϩ spatial buffering hypothesis," which states that astrocytes take up excess extracellular potassium ions, distribute them via the gap junction-coupled cell syncytium, and extrude the ions at sites in which extracellular potassium concentration ([K ϩ ] out ) is low . Subsequently, this phenomenon was confirmed in a variety of nervous tissue preparations (Kettenmann et al., 1983; Coles et al., 1986; Holthoff and Witte, 2000; Amzica et al., 2002 ). Although several possible mediators of astrocyte K ϩ uptake have been proposed, pharmacological studies suggest that K ir channels predominate in K ϩ buffering (Ballanyi et al., 1987; Karwoski et al., 1989; Oakley et al., 1992) . The first identified glia-associated K ir was the weakly rectifying K ir 4.1 (Takumi et al., 1995) , found in astrocyte processes surrounding synapses and blood vessels and in oligodendrocyte cell bodies (Poopalasundaram et al., 2000; Higashi et al., 2001; Ishii et al., 2003) . Generation and study of K ir 4.1 Ϫ/Ϫ mice confirmed the importance of K ir 4.1 in K ϩ buffering by several cell types, including Müller glia and cochlear epithelium (Kofuji et al., 2000; Marcus et al., 2002) . In support of these findings, quantitative trait loci mapping identified the K ir 4.1 gene as a putative seizure susceptibility gene in mice ). Moreover, a missense variation in the K ir 4.1 1:10,000 mouse ␣ ␤-actin (Sigma, St. Louis, MO)] overnight at 4°C in 5% milk/PBST. After three washes for 10 min in PBST, membrane was incubated with HRP-conjugated secondary antibodies (2 h at RT), washed again, and processed for ECL detection. Preincubation of K ir 4.1 antibody with the antigen peptide yielded a blank blot, confirming the specificity of this antibody.
Histological analysis and immunostaining. Mice were anesthetized by intraperitoneal injection of 20% urethane before cardiac perfusion with 4% paraformaldehyde (PFA). Brains and spinal cords were removed and postfixed overnight at 4°C in 4% PFA. Tissue was then dehydrated, embedded in paraffin, sectioned at 6 m thickness with a Leica (Nussloch, Germany) microtome, and placed on slides. Sections were stained with hematoxylin and eosin or solochrome and eosin and imaged using a Zeiss (Oberkochen, Germany) Axioscop light microscope. For immunostaining, perfused brains and spinal cords were cryoprotected in 30% sucrose overnight at 4°C before freezing in Optimum Cutting Temperature Medium (Tissue-Tek; Sakura, Torrance, CA). Frozen tissue was sectioned at 14 m thickness. Sections were blocked with blocking solution (20% normal goat serum, 0.2% Triton X-100, 2% BSA) for 4 h at RT and further incubated with primary antibody [1:500 mouse ␣ green fluorescent protein (GFP) (Sigma); 1:500 rabbit ␣ K ir 4.1 (Alomone Labs); 1:500 mouse ␣ 2,3-cyclic nucleotide 3-phosphodiesterase (CNP) (Sigma); 1:1000 guinea pig ␣ glutamate-aspartate transporter (GLAST) (Chemicon, Temecula, CA)] overnight at 4°C. Fluorescent secondary antibody was applied for 3 h at RT. Images were captured on the Zeiss Axioskop fluorescent microscope.
Whole-cell electrophysiology. Mice (P5-P30) were anesthetized by isoflurane inhalation. Brains were rapidly removed after decapitation and submerged into 4°C slicing buffer (125 mM NaCl, 10 mM glucose, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 2.5 mM KCl, 3.8 mM MgCl 2 , and 100 M kynurenic acid) bubbled with 95% O 2 , 5% CO 2 . Sagittal sections (300 m) were cut on a Leica VT1000S vibratome, and hippocampus was dissected. Hippocampal slices were then incubated in oxygenated 35°C artificial CSF (ACSF) for 45 min (in mM: 125 NaCl, 10 glucose, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2.5 KCl, 2.5 CaCl 2 , and 1.3 MgCl 2 ). After cooling down to RT, slices were transferred to a recording chamber in an upright fixed-stage Olympus (Melville, NY) LSM-GB200 argon/krypton confocal microscope and perfused with oxygenated RT ACSF. Borosilicate glass pipettes were pulled on a Narishige (Tokyo, Japan) PP-83 vertical pipette puller and were not fire polished. Pipettes had a resistance of 7-9 M⍀ and contained 145 mM K-gluconate, 2 mM MgCl 2 , 10 mM HEPES, 4 mM Mg-ATP, 14 mM phosphocreatine, and 0.25 mM EGTA, pH 7.3. Cells were visualized and patch clamped using differential interference contrast optics. Whole cell patch-clamp recordings were performed using an Axopatch 200B amplifier and pClamp 9.2 software (Molecular Devices, Sunnyvale, CA). The membrane potential was stepped from resting membrane potential (V m ) (unless otherwise stated) to Ϫ180 mV and up to 80 mV in 20 mV increments to measure whole-cell currents. A test pulse of Ϫ5 mV was included after each step to monitor changes in input resistance.
Assessment of astrocyte glutamate and potassium uptake was accomplished by recording the astrocyte whole-cell current generated during stimulation of the Schaffer collateral pathway. Passive astrocytes within CA1 stratum radiatum of wild-type (WT) and K ir 4.1 cKO (P15-P20) hippocampal slices were patched and voltage clamped at Ϫ90 mV. Stimulating glass electrode filled with ACSF was positioned 50 m away from the patch-clamped astrocyte. Great care was taken to ensure that the positioning of the recording and stimulating electrode was consistent between experiments. Schaffer collaterals were stimulated with five 100 s/200 A pulses at 50 Hz using an Accupulser Stimulus Generator (World Precision Instruments, Sarasota, FL). Astrocyte whole-cell current generated by Schaffer collateral stimulation was recorded in control ACSF, after 2 min application of Ba 2ϩ -supplemented ACSF, and finally after 2 min application of Ba 2ϩ /DL-threo-␤-benzyloxyaspartic acid (TBOA)-supplemented ACSF. Ba 2ϩ -sensitive current (K ϩ uptake current) was obtained by subtracting the current trace obtained after the Ba 2ϩ block (Ba 2ϩ trace) from the control trace and recording the peak amplitude of the resulting inward current. TBOA-sensitive current or glutamate transporter (GluT) current was obtained by subtracting the Ba 2ϩ /TBOA trace from the Ba 2ϩ trace and again recording the peak inward current amplitude.
Properties of CA1 pyramidal neurons were assessed by patching cells in hippocampal slices and recording their whole-cell currents in response to a voltage step protocol. After the initial whole-cell current recording, we recorded spontaneous EPSCs (sEPSCs) for 10 min while voltage clamping the cells at Ϫ70 mV and then proceeded to examine their action potential properties. Action potentials were induced by 500 ms current injections of increasing amplitude (20 -300 pA) in 20 pA increments. The signal was low-pass filtered at 5 kHz and digitized at 100 kHz using a Digidata 1200 computer interface (Molecular Devices). Perfusion solutions were switched using a six-channel valve controller (Warner Instrument, Hamden, CT). Exchange of the solution in the recording chamber was completed in ϳ20 s. Postrecording data analysis was performed with Clampfit 9.2 software. Recordings in which access resistance changed more than Ϯ20% within the recording period were taken out of the analysis. Data are reported as mean Ϯ SEM, and results were considered significant (*) if p Ͻ 0.05 (two-sample t test assuming equal variance).
Extracellular electrophysiology. Mice (P20 -P25) were anesthetized with a lethal dose of barbiturates and rapidly decapitated. Brains were bisected in oxygenated ice-cold dissection buffer (in mM: 75 sucrose, 87 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 10 glucose, 7 MgCl 2 , 0.5 CaCl 2 , and 1.3 ascorbic acid), and sagittal 400 m sections were cut using a Leica VT1000S vibratome. Hippocampus was dissected, and slices were left to recover for 45 min in an incubation chamber filled with warmed (30°C) oxygenated ACSF (in mM: 124 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 20 glucose, 2 CaCl 2 , 1 MgCl 2 , and 0.75 ascorbic acid). After 15 min at room temperature, slices were transferred to a submersion recording chamber maintained at 30°C and perfused with ACSF (without ascorbic acid). Concentric bipolar stimulating electrode was positioned in CA1 stratum radiatum ϳ250 m below the pyramidal cell layer. Glass recording electrode (ϳ1 M⍀) filled with ACSF was positioned parallel to the stimulating electrode 300 -400 m away. An attempt was made to maintain similar orientation of the electrodes relative to the pyramidal cell layer and dentate gyrus to minimize changes in field EPSP (fEPSP) properties attributable to electrode positioning. Input/output curve was generated by stepping the stimulation amplitude from 0 to 80 A. Stimulation amplitude that elicited half the maximum response and stimulation rate of 0.033 Hz (one pulse every 30 s) were used throughout the experiment unless otherwise stated. Paired-pulse facilitation (PPF) protocol included 10 two-pulse pairs with increasing interpulse interval from 25 to 250 ms. Percentage facilitation was calculated by dividing fEPSP slope elicited by the second pulse with fEPSP slope elicited by the first pulse. Long-term potentiation (LTP) was induced with a single 1 s, 100 Hz train after 15 min of stable baseline recording (Ͻ5% drift). LTP was sampled for 45 min after induction, and potentiation was calculated by dividing the average slope of 30 -45 min postinduction responses with the average slope of 0 -15 min preinduction baseline responses. We also compared the average slope of 0 -15 min postinduction responses with the average slope of 0 -15 min baseline responses and designated this potentiation as short term (STP). Posttetanic potentiation (PTP) was measured as the average slope of 0 -2 min postinduction responses compared with the average slope of 13-15 min baseline responses. Postrecording data analysis was performed with Clampfit 9.2 software. Data are reported as mean Ϯ SEM, and results were considered significant (*) if p Ͻ 0.05 (two-sample t test assuming equal variance).
Results
Generation of the K ir 4.1 conditional knock-out Our laboratory generated K ir 4.1 cKO mice to study the role of this channel subunit in astrocyte physiology and K ϩ buffering. By targeting the deletion of K ir 4.1 to astrocytes, we hoped to circumvent the pathological phenotype and premature lethality observed in K ir 4.1 KO mice (Kofuji et al., 2000; Neusch et al., 2001) . We used the Cre/loxP system, which takes advantage of the bacteriophage enzyme Cre recombinase capable of excising a DNA fragment surrounded by its recognition sequences, termed loxP sites (Orban et al., 1992; Le and Sauer, 2000) . Two lines of mice were made: a recombinant K ir 4.1 floxed (K ir 4.1 f/f ) line and a transgenic hGFAP-Cre line (Casper and McCarthy, 2006) . The targeting constructs used for mouse generation are depicted in Figure 1 , A and B. We used a 2.2 kb fragment of the human GFAP promoter ( gfa2) to drive Cre expression selectively in astrocytes. The intermediate filament GFAP is a well accepted astrocyte marker, and gfa2 promoter was shown previously to drive astrocyte-specific expression of reporter genes in vitro and in vivo (Brenner et al., 1994; Brenner and Messing, 1996; Nolte et al., 2001) . For simplicity purposes, K ir 4.1 f/f /hGFAP-Cre mice will be referred to as K ir 4.1 cKO and K ir 4.1 f/ϩ /hGFAP-Cre mice as K ir 4.1 ϩ/Ϫ . Because K ir 4.1 is abundantly expressed in the kidney (Ito et al., 1996) , Western blots were performed on brain and kidney tissue homogenates to confirm CNS specificity of our conditional knock-out. Complete absence of K ir 4.1 protein was observed in the brain tissue of K ir 4.1 cKO mice, whereas no reduction in K ir 4.1 level was seen in the cKO kidney (Fig. 1C) . Levels of K ir 4.1 protein from all examined tissues of K ir 4.1 f/f and K ir 4.1 ϩ/Ϫ mice were comparable with WT controls.
K ir 4.1 cKO phenotype includes ataxia, seizures, and early lethality K ir 4.1 cKO mice were born in the expected Mendelian ratio. They were indistinguishable from their WT littermates until P12-P15 when they could be recognized by runted appearance and wobbly movements. With time, they developed pronounced body tremor, lethargy, and ataxia with frequent falls to the side. Once overturned, cKO mice had a hard time regaining their upright position. Hindleg splaying and paralysis was often observed ( after reaching the weight of 5-6 g ( Fig. 2C) , and most died between P20 and P25 (Fig. 2 D) . When stimulated by sudden movements, cKO mice displayed grand mal seizures with hyperextension of the back and limb rigidity (Fig. 2 B) . Seizures of clonic type, characterized by rhythmic jerking movements of front and hindlimbs, as well as tonic type, characterized by stiffening of the body and limbs, have been observed. Seizure recovery usually occurred within 30 s, after which mice resumed movement. Seizures were never observed in WT, K ir 4.1 f/f , or K ir 4.1 ϩ/Ϫ mice. Seizure occurrence in K ir 4.1 cKO mice is indicative of K ir 4.1 involvement in K ϩ spatial buffering and control of neuronal excitability. Additional behavioral testing was not done because K ir 4.1 cKO mice are unable to climb or suspend themselves from the cage bars and would therefore not be able to perform in standard behavioral tests.
gfa2 promoter drives the loss of K ir 4.1 from astrocytes and oligodendrocytes Fluorescent immunostaining of frozen brain and spinal cord sections was used to examine the loss of K ir 4.1 from different cell populations and cellular modifications that could explain the K ir 4.1 cKO behavioral phenotype. Antibodies against GFAP and GLAST were used for astrocyte identification. Furthermore, we crossed K ir 4.1 f/f and hGFAP-Cre animals to two different astrocyte reporter lines, GFAP-enhanced GFP (eGFP) (Nolte et al., 2001 ) and S100␤-eGFP (courtesy of Dr. Jane Lubischer, North Carolina State University, Raleigh, NC) (Zuo et al., 2004) . Antibodies against CNP, proteolipid protein, and myelin-basic protein were used to stain oligodendrocytes and myelin. Neuronalspecific nuclear protein, calbindin, and neurofilament antibodies identified neurons and their processes. Very robust K ir 4.1 staining was observed in wild-type thalamus, brainstem, cerebellar molecular layer and white matter, and spinal cord gray matter (Fig. 3 , hippocampus, cerebellum, and spinal cord shown), in agreement with other published studies (Poopalasundaram et al., 2000; Kalsi et al., 2004) . K ir 4.1 cKO brain and spinal cord displayed complete loss of K ir 4.1 (Fig. 3) . Because K ir 4.1 is expressed by astrocytes and oligodendrocytes (Poopalasundaram et al., 2000; Higashi et al., 2001; Ishii et al., 2003) , this finding was suggestive of gfa2-driven Cre recombination in both of these cell types. Additional studies in our and other laboratories confirmed gfa2 activity in GFAP-expressing progenitor cells that give rise to astrocytes, oligodendrocytes, and neurons (Malatesta et al., 2003; Casper and McCarthy, 2006) . Double immunostaining with K ir 4.1 antibody and the above outlined cellular markers confirmed the loss of K ir 4.1 from S100␤-and GLAST-expressing astrocytes ( Fig. 3 A Histological analysis was performed to further examine cellular basis of the observed K ir 4.1 cKO behavioral phenotype. Extensive white-matter vacuolization was evident throughout the brain and spinal cord of K ir 4.1 cKO mice, most notably in cerebellar internal capsule (Fig. 4 A) , corpus callosum, thalamus (Fig.  4C) , and spinal cord white matter (Fig. 4 B) . Similar dysmyelinating phenotype was observed in K ir 4.1 Ϫ/Ϫ mice (Neusch et al., 2001) . Electron microscopy study of their spinal cords revealed numerous vacuoles, aberrant uncompacted or unattached myelin sheaths, and axonal degeneration (Neusch et al., 2001 ). On a gross anatomical level, K ir 4.1 cKO brains were smaller, with thinner cortex and enlarged lateral ventricles (Fig. 4C ) compared with brains of littermate control mice. Neuronal layering of cortex, hippocampus, and cerebellum appeared normal. Closer examination identified an increased number of small round nuclei suggestive of gliosis [most evident in cKO spinal cord transverse section (Fig. 4 B, bottom right) ]. Not surprisingly, demyelinating and dysmyelinating disorders are usually accompanied by gliosis, attributed to upregulation of oligodendrocyte precursor cells in an attempt of remyelination (Fancy et al., 2004) . Floxed and heterozygous mice did not show any histological pathology (data not shown). Our overall findings demonstrate the importance of K ir 4.1 in oligodendrocyte development and myelination and provide strong anatomical correlates to the observed ataxia and paralysis in the K ir 4.1 cKO mice.
K ir 4.1 cKO passive astrocytes and complex glia are severely depolarized
The effect of K ir 4.1 removal on glial development and electrophysiological properties was examined in acutely isolated hippocampal slices. It is important to note that the hippocampus contains two distinct subpopulations of astrocyte-like glia named "complex" and "passive" cells attributable to the nature of their whole-cell current pattern. These two populations of cells differ not only in their electrophysiological properties but in their cellular marker expression, gap junction coupling, and expression of glutamate transporters versus receptors. Passive glia display large timeand voltage-independent leak currents, are consistently GFAP and GLAST immunopositive, are extensively coupled via gap junctions, and express glutamate transporters but not ionotropic glutamate receptors (GluRs) (therefore also termed GluT astrocytes). Conversely, complex glia (also called GluR cells) display timeand voltage-dependent K ϩ and Na ϩ currents, are S100␤ immunopositive with ϳ20% of cells also expressing the NG2 proteoglycan, and have functional ionotropic glutamate receptors of the AMPA subtype (Matthias et al., 2003; Wallraff et al., 2004; Jabs et al., 2005; Zhou et al., 2006) . Observations from our and other laboratories indicate that passive glia are mature protoplasmic astrocytes, whereas complex glia appear to be a mixed population of immature astrocytes and NG2-immunopositive multipotent precursors (Matthias et al., 2003; Wallraff et al., 2004; Zhou et al., 2006) . To provide additional insight into their physiology, we studied the properties of complex glia and passive astrocytes within the hippocampus.
Complex glia (Fig. 5 A, B) in WT, K ir 4.1 f/f , and K ir 4.1 ϩ/Ϫ CA1 stratum radiatum displayed membrane resistance (R m ) and V m similar to values reported in the literature (Matthias et al., 2003) (WT, Ϫ76.2 Ϯ 2.2 mV, 132.5 Ϯ 38.8 M⍀, n ϭ 23; K ir 4.1 f/f , Ϫ80.5 Ϯ 3.9 mV, 181.0 Ϯ 62.2 M⍀, n ϭ 14; K ir 4.1 ϩ/Ϫ , Ϫ79.6 Ϯ 0.9 mV, 109.1 Ϯ 25.7 M⍀, n ϭ 12). Surprisingly, in contrast to the wildtype hippocampus, glial cells displaying complex electrophysiological profile (voltage-and time-dependent whole-cell currents) were rarely encountered in the hippocampus of K ir 4.1 cKO mice. During quantification of the relative number of complex glia encountered in CA1 stratum radiatum of WT compared with K ir 4.1 cKO mice, we noted an 11-fold decrease in percentage of complex glia in P5-P10 cKO mice (WT, 75%, 35 of 47; cKO, 7%, 4 of 57) and a ninefold decrease in P11-P15 cKO mice (WT, 36%, 39 of 95; cKO, 4%, 1 of 26). Complex glia were never encountered in stratum radiatum of P16 -P20 or P21-P30 K ir 4.1 cKO mice, whereas percentage of complex cells in WT CA1 stratum radiatum in those age groups was 13% (16 of 121) and 8% (4 of 49), respectively. Substantial reduction of inward currents was observed in all of the K ir 4.1 cKO complex cells examined (Fig. 5A) . Furthermore, the few complex glia found in K ir 4.1 cKO hippocampus were markedly depolarized (Ϫ38.5 Ϯ 6.6 mV; n ϭ 4) and exhibited a 4.1-fold increase in membrane resistance (536.6 Ϯ 149.1 M⍀; n ϭ 4) (Fig. 5B) .
Passive astrocytes (Fig. 5C,D) in WT CA1 stratum radiatum had a very low membrane resistance of 4.5 Ϯ 0.3 M⍀, which explains the large size of their whole-cell currents and a highly negative resting membrane potential of Ϫ82.6 Ϯ 0.7 mV (n ϭ 67) close to E K , suggesting high resting K ϩ conductance (Fig. 5D ). Loss of K ir 4.1 in the passive cKO cells led to 49 mV depolarization (Ϫ33.4 Ϯ 1.6 mV; n ϭ 50), a significant 2.4-fold increase in their membrane resistance (10.8 Ϯ 1.8 M⍀; n ϭ 50) and a decrease in the size of their whole-cell currents (Fig. 5C) . Surprisingly, we did not see a preferential loss of inward current as was observed in complex K ir 4.1 cKO cells (Fig. 5A) . Floxing of the K ir 4.1 exon did not lead to significant changes in passive astrocyte membrane properties (V m , Ϫ84.1 Ϯ 0.9 mV; R m , 4.7 Ϯ 0.6 M⍀; n ϭ 22). Heterozygous cells (K ir 4.1 ϩ/Ϫ ) were significantly depolarized (⌬V m , 4.4 mV; Ϫ78.2 Ϯ 1.6 mV; n ϭ 28) without a significant change in membrane resistance (4.6 Ϯ 0.4 M⍀; n ϭ 28) (data not shown). No difference in cell morphology and gap junction coupling was found among the four genotypes (data not shown). Similar membrane depolarization was observed in mature myelinating oligodendrocytes in the corpus callosum (data not shown) in agreement with a previously reported depolarization of cultured K ir 4.1 Ϫ/Ϫ oligodendrocytes (Neusch et al., 2001 ). We next explored whether K ir 4.1 directly sets the membrane potential of passive astrocytes and complex glia or is instead involved in its development. If K ir 4.1 directly maintains the membrane potential of glial cells within hippocampus, pharmacological block of K ir channels should mimic the glial depolarization observed in K ir 4.1 cKO. Barium ions at micromolar concentrations are selective blockers of K ir channels and have been used as such in numerous studies (Ransom and Sontheimer, 1995; Akopian et al., 1997; D'Ambrosio et al., 2002) . Whole-cell currents, resting membrane potential, and membrane resistance of passive astrocytes and complex glia were recorded before and after administration of extracellular Ba 2ϩ . In WT complex glia, Ba 2ϩ block (100 M) led to a ninefold increase in membrane resistance (control, 132.5 Ϯ 38.8 M⍀, n ϭ 23; Ba 2ϩ , 902.6 Ϯ 221.3 M⍀, n ϭ 5), complete loss of inward currents, and a 58 mV depolarization (control, Ϫ76.2 Ϯ 2.2 mV, n ϭ 23; Ba 2ϩ , Ϫ18.5 Ϯ 5.4 mV, n ϭ 5) (Fig. 5 A, B) . These data are consistent with data seen in the literature and confirm that K ir channels directly set the resting membrane potential of complex cells (Ransom and Sontheimer, 1995; Akopian et al., 1997) . In contrast, Ba 2ϩ exerted a much smaller effect on passive astrocytes. Wild-type passive astrocytes depolarized ϳ6 mV during 100 M Ba 2ϩ application (control, Ϫ82.6 Ϯ 0.7 mV, n ϭ 67; Ba 2ϩ , Ϫ76.3 Ϯ 1.4 mV, n ϭ 6). Ba 2ϩ concentration was therefore raised to 1 mM on which passive astrocyte membrane depolarized 10.3 mV on average (Ba 2ϩ , Ϫ72.3 Ϯ 2.5 mV; n ϭ 10), with a 1.7-fold increase in membrane resistance (control, 4.5 Ϯ 0.3 M⍀, n ϭ 67; Ba 2ϩ , 7.6 Ϯ 1.6 M⍀, n ϭ 10) (Fig. 5D ) and a proportionally small decrease in both outward and inward whole-cell current (Fig.  5C ). However, given that 1 mM Ba 2ϩ can block other voltagegated K ϩ channels (K A , K DR ), as well as two-pore K ϩ channels (K 2P ), the effect of Ba 2ϩ on passive astrocytes cannot be solely attributed to the block of K ir channels. Our data therefore indicate that the loss of K ir conductance cannot completely explain the large (49 mV) depolarization seen in K ir 4.1 cKO passive astrocytes.
In summary, we observed parallel changes in electrophysiological properties caused by removal of K ir 4.1 in the two studied glial populations, an increase in membrane resistance and a striking membrane depolarization. However, only in K ir 4.1 cKO complex glia do we see the expected loss of inward current, suggesting that K ir 4.1 dominates their inward conductance. The ability of Ba 2ϩ to mimic severe depolarization of complex K ir 4.1 cKO cells in WT complex cells suggests a direct role for K ir channels in setting the membrane potential of this glial population. In addition, the startling decrease in the proportion of complex glia encountered within the CA1 stratum radiatum suggests that K ir 4.1 plays a role in the development of their electrophysiological profile. Surprisingly, Ba 2ϩ effect on WT passive astrocytes indicates that K ir channels provide a relatively small contribution toward their highly negative membrane potential. This finding suggests that alternate channels/ transporters also play a role in setting the membrane potential of passive astrocytes. The loss of K ir 4.1 throughout development possibly influences their expression and/or function, leading to further depolarization. Interestingly, the depolarization seen in Kir4.1 cKO cells can be induced in WT passive astrocytes by inhibiting the Na ϩ /K ϩ -ATPase (data not shown). It remains to be tested whether removal of K ir 4.1 affects expression, localization, and/or function of this important pump.
Potassium and glutamate uptake by K ir 4.1 cKO passive astrocytes are severely impaired
To test the ability of K ir 4.1 cKO passive astrocytes to buffer K ϩ and take up synaptically released glutamate, we examined astrocyte whole-cell current generated during stimulation of the Schaffer collateral pathway. Schaffer collaterals were stimulated with five 100 s/200 A pulses at 50 Hz, and astrocyte whole-cell current responses were recorded during the control condition (ACSF perfusion) and in the presence of Ba 2ϩ and TBOA. Ba 2ϩ at 100 M (K ir channel blocker) and TBOA (nonselective GluT blocker) have been shown previously to completely inhibit astrocyte K ϩ and glutamate uptake, respectively (Lüscher et al., 1998; De Saint Jan and Westbrook, 2005) . Figure 6 A displays averaged astrocyte responses to Schaffer collateral stimulation during control condition (black trace), Ba 2ϩ block (dark gray trace), and Ba 2ϩ /TBOA block (light gray trace). In WT cells, Ba 2ϩ blocked the slow component of the current that persisted 10 -15 s after stimulation, whereas TBOA blocked the faster GluT-mediated component. In contrast, K ir 4.1 cKO astrocytes mostly lacked Ba 2ϩ -sensitive K ϩ current. In addition, Ba 2ϩ caused a large increase of the GluT-mediated fast current in WT but not in cKO astrocytes. During quantification of the collected data, we obtained values for the peak amplitude of Ba 2ϩ -sensitive (Fig. 6 B) and TBOA-sensitive (Fig. 6C ) current in the two cell populations. Wild-type astrocyte peak K ϩ uptake (Ba 2ϩ -sensitive) current (Ϫ52.4 Ϯ 7.2 pA; n ϭ 10) was 4.5-fold greater than the K ϩ uptake current of K ir 4.1 cKO cells (Ϫ11.8 Ϯ 1.7 pA; n ϭ 7). GluT generated (TBOA-sensitive) peak current in K ir 4.1 cKO astrocytes (Ϫ91.4 Ϯ 16.6 pA; n ϭ 7) was also decreased compared with that of WT cells (Ϫ207.7 Ϯ 45.8 pA; n ϭ 10) in the presence of Ba 2ϩ . In a separate set of experiments, we verified that K ir 4.1 cKO does not directly affect synaptic transmission within the CA1 synaptic field (see Fig. 8 B) , excluding the possibility that decreased uptake current in K ir 4.1 cKO astrocytes is attributed to a change in neuronal activity and synaptic transmission and, therefore, a change in K ϩ extrusion and glutamate release. These data directly demonstrate that the loss of K ir 4.1 channel subunit and the subsequent membrane depolarization lead to an impairment of the passive astrocyte K ϩ and glutamate uptake ability, both of which are extremely important modulators of neuronal excitability. Spontaneous activity of CA1 pyramidal neurons is decreased in the K ir 4.1 cKO mice Small rises in [K ϩ ] out lead to neuronal depolarization, reduced action potential threshold, and increase in frequency of sEPSCs (Laming et al., 2000) . However, prolonged exposure to high extracellular K ϩ can lead to a phenomenon called spreading depression marked by a decrease in neuronal excitability (Somjen, 2001) . We therefore examined basic electrophysiological properties of CA1 pyramidal neurons in K ir 4.1 cKO and WT mice (P15-P20), as well as their spontaneous and evoked activity.
Surprisingly, the whole-cell currents (Fig. 7A ) and membrane properties of K ir 4.1 cKO CA1 pyramidal neurons were comparable with those of WT cells (WT, Ϫ57.51 Ϯ 1.20 mV, 201.42 Ϯ 14.84 M⍀, n ϭ 23; cKO, Ϫ58.88 Ϯ 1.19 mV, 206.02 Ϯ 15.49 M⍀, n ϭ 17). These data suggest that basic neuronal properties during resting unstimulated conditions are not affected in the K ir 4.1 cKO. Action potential induction further revealed that K ir 4.1 cKO CA1 pyramidal neurons do not appear hyperexcitable, because the frequency of their firing attributable to the increasing stimulation intensity was not significantly different from that seen in WT cells (Fig. 7B) . However, during the study of neuronal spontaneous activity, we noticed an apparent decrease in frequency and size of sEPSCs in K ir 4.1 cKO neurons. Wild-type and K ir 4.1 cKO representative current recordings and individual averaged sEPSCs are shown in Figure 7C . Both sEPSC frequency (WT, 0.41 Ϯ 0.07 Hz, n ϭ 23; cKO, 0.23 Ϯ 0.06 Hz, n ϭ 19) and peak amplitude (WT, Ϫ12.59 Ϯ 0.79 pA, n ϭ 23; cKO, Ϫ10.34 Ϯ 0.78, n ϭ 19) were significantly smaller in K ir 4.1 cKO neurons (Fig.  7D) . Mean sEPSC rise time (WT, 3.82 Ϯ 0.24 ms, n ϭ 23; cKO, 4.38 Ϯ 0.38 ms, n ϭ 19) and decay time (WT, 11.12 Ϯ 0.52 ms, n ϭ 23; cKO, 11.97 Ϯ 0.85 ms, n ϭ 19) were comparable between the two populations and are similar to the values reported in the literature for the AMPA receptor-mediated synaptic currents (Saviane et al., 2002; Losonczy et al., 2003; Zhang et al., 2005) . We eliminated IPSCs by voltage clamping the cells at Ϫ70 mV, which is the reversal potential for Cl Ϫ under our conditions, and NMDA receptor-mediated EPSCs at these hyperpolarized potentials were inhibited attributable to presence of Mg 2ϩ in our extracellular solution. The above findings suggest that K ir 4.1 deletion, which leads to astrocyte depolarization and impairment of their ability to buffer K ϩ and glutamate, causes a decrease of the neuronal spontaneous activity but surprisingly fails to alter neuronal membrane and action potential properties.
Synaptic potentiation in the K ir 4.1 cKO hippocampus is enhanced
After the study of neuronal single-cell properties, we proceeded by looking at the role of K ir 4.1-mediated K ϩ buffering in synaptic transmission and plasticity. Wild-type and K ir 4.1 cKO fEPSP traces, obtained by averaging responses from 12 15-min baseline recordings for each genotype, are shown in Figure 8 A. As can be seen from the averaged traces and the analysis of fEPSP properties, K ir 4.1 cKO (rise slope, Ϫ569.10 Ϯ 101.83 V/ms; decay slope, 79.30 Ϯ 8.24 V/ms; n ϭ 12 cells) fEPSPs are comparable with those recorded in the WT (rise slope, Ϫ442.46 Ϯ 46.34 V/ms; decay slope, 76.60 Ϯ 6.56 V/ms; n ϭ 12 cells) hippocampus. To compare basal properties of synaptic transmission, we generated an input/output curve. Figure 8 B shows that there is no significant difference between responses elicited by graded increases of stimulation amplitude (0 -80 A) in K ir 4.1 cKO compared with WT slices, suggesting that K ir 4.1 cKO does not have a significant effect on the basal properties of single-pulse evoked neurotransmission.
Study of K ir 4.1 cKO influence on synaptic plasticity was initiated by examining PPF. PPF is a presynaptic form of short-term plasticity in which the second of two pulses, delivered within 25-250 ms, elicits a larger synaptic response than the first attributable to residual increase in [Ca 2ϩ ] in in the presynaptic terminal (representative trace displayed as inset in Fig. 8C ). Once more, no difference was seen between K ir 4.1 cKO and WT slices (Fig. 8C) . However, on completing the LTP study, we observed that K ir 4.1 cKO slices exhibited a significantly greater degree of potentiation than WT slices in the first 20 min after stimulation and nonsignificantly greater thereafter (Fig. 8 D) . K ir 4.1 cKO PTP (first 2 min after stimulation) was 30% greater (WT, 137.0 Ϯ 3.9%, n ϭ 10; cKO, 166.8 Ϯ 10.2%; n ϭ 10) and STP (first 15 min after stimulation) was 19% greater (WT, 128.8 Ϯ 2.5%, n ϭ 10; cKO, 147.8 Ϯ 6.3%, n ϭ 10) than in WT (Fig. 8 D) . LTP (30 -45 min after stimulation) was 126.0 Ϯ 3.2% in the WT (n ϭ 10) and 133.1 Ϯ 5.1% in the cKO (n ϭ 10). These data suggest that K ir 4.1-mediated K ϩ buffering functions during the early stages of LTP, a period when short-term plasticity still contributes to LTP induction. Because a change in potentiation was observed without the change in basal synaptic transmission, it appears that K ir 4.1 is primarily needed for clearing of large K ϩ elevations after high synaptic activity but not during basal neurotransmission. In addition, the observed enhancement of synaptic potentiation can also in part be explained by impairment of astrocyte glutamate uptake and resulting extracellular glutamate accumulation.
Discussion
K ir 4.1 is one of the most abundant K ir channels in the CNS, found almost exclusively in astrocytes and oligodendrocytes (Poopalasundaram et al., 2000; Higashi et al., 2001; Ishii et al., 2003) . Its involvement in K ϩ buffering by astrocytes has been implicated by immunohistochemical, electrophysiological, and genetic linkage studies (Kofuji et al., 2000; Higashi et al., 2001; Buono et al., 2004; Neusch et al., 2006) . We describe the generation and characterization of the conditional knock-out of K ir 4.1 directed to glia by the human GFAP promoter gfa2. Contrary to previously published reports of astrocyte-restricted gfa2 activity (Brenner et al., 1994; Brenner and Messing, 1996) , our studies demonstrated loss of K ir 4.1 from astrocytes and oligodendrocytes in the K ir 4.1 cKO brain and spinal cord, suggesting that gfa2-driven Cre recombination occurs in glial precursors. Our laboratory and several others have since confirmed that progenitor cells displaying gfa2 promoter activity give rise to astrocytes, oligodendrocytes, and neurons (Malatesta et al., 2000 (Malatesta et al., , 2003 Namba et al., 2005; Casper and McCarthy, 2006) . K ir 4.1 cKO mice die prematurely, display severe white-matter vacuolization, ataxia, and stress-induced seizures. These observations provide additional support for the previously demonstrated K ir 4.1 involvement in myelination (Neusch et al., 2001 ) and seizure susceptibility Ferraro et al., 2004) .
Highly selective membrane permeability to K ϩ and a strongly negative resting membrane potential are considered fundamental properties of mature astrocytes Orkand et al., 1966; Ransom and Goldring, 1973) . Astrocytes express several types of K ϩ channels, but K ir channels are thought to be responsible for the high K ϩ permeability and maintaining the resting membrane potential close to E K (Verkhratsky and Steinhauser, 2000) . Astrocytes express message for K ir 2.1, K ir 2.2, and K ir 2.3 (Schroder et al., 2000 (Schroder et al., , 2002 and can be immunolabeled for these K ir subunits, as well as for K ir 4.1, K ir 5.1, K ir 6.1, and K ir 6.2, in a region-specific manner (Takumi et al., 1995; Poopalasundaram et al., 2000; Higashi et al., 2001; Ishii et al., 2003; Hibino et al., 2004; Thomzig et al., 2005) . Despite the presence of multiple K ir subunits, our data demonstrate a dominant role for K ir 4.1 in the development and maintenance of astrocyte membrane potential. In the K ir 4.1 cKO, both passive mature astrocytes and complex glia are severely depolarized. K ir 4.1 appears to be directly responsible for setting the membrane potential of complex glia. Most of these cells are immature astrocytes that give rise to mature protoplasmic cells displaying passive voltageindependent currents (Zhou et al., 2006) . Interestingly, we also observed a large decrease in the relative number of complex glia in the K ir 4.1 cKO hippocampus, suggesting that K ir 4.1 removal possibly leads to premature functional expression of passive currents. These observations are consistent with and extend previous reports studying retinal Müller cells (Kofuji et al., 2000) and cultured spinal cord oligodendrocytes (Neusch et al., 2001) , which demonstrated that lack of K ir 4.1 resulted in depolarized resting membrane potential and impaired development, respectively. However, our study of the effect of K ir channel blocker (Ba 2ϩ ) on membrane properties of wild-type astrocytes indicates that K ir channels influence but are not solely responsible for the maintenance of highly negative membrane potential of mature/passive astrocytes. Severe depolarization of passive astrocytes in the K ir 4.1 cKO therefore most likely arises from the direct depolarization of their K ir 4.1-lacking complex progenitors. K ir 4.1 expression appears early in embryonic development, before the appearance of other K ir subunits. In the hippocampus, K ir 4.1 transcripts are already evident by embryonic day 17-20 (Ma et al., 1998) , whereas K ir 2.1-2.3 mRNAs appear after P10 (Karschin and Karschin, 1997) . The early expression of K ir 4.1 and its influence on the cell membrane potential and K ϩ homeostasis may be necessary to put into motion the cell-cycle mechanisms responsible for development of the final channel, transporter, and receptor complement of the cells necessary for maintenance of proper ion gradients. The impairment of ion gradients and ac- companied membrane depolarization is expected to decrease the activity of all ion gradient-dependent transporters and voltagegated channels. Indeed, cell depolarization and disturbances of ion gradients have been shown to inhibit glutamate transporter function and at times cause transporter reversal and glutamate release (Mennerick et al., 1999; Otis and Kavanaugh, 2000; Bordey and Sontheimer, 2003; D'Ambrosio, 2004) . Hippocampal passive astrocytes express high levels of two GluT subtypes, GLAST and GLT-1 (Matthias et al., 2003) , which appear to mediate most of the synaptic glutamate uptake (Gegelashvili and Schousboe, 1997; Diamond and Jahr, 2000; Danbolt, 2001) . We directly measured passive astrocyte K ϩ and glutamate uptake current during electrical stimulation of Schaffer collateral fibers. Our experiments demonstrate Ͼ70% reduction of K ϩ uptake and Ͼ50% reduction of glutamate uptake by K ir 4.1 cKO passive astrocytes. These results suggest that Ba 2ϩ -sensitive K ir 4.1-containing channels mediate most of the K ϩ uptake by mature/ passive hippocampal astrocytes. Furthermore, by participating in maintenance of the membrane potential of the cell, K ir 4.1 helps ensure proper operation of astrocyte glutamate transporters. In support of our findings, Neusch et al. (2006) demonstrated that lack of K ir 4.1 subunit also abolishes astrocyte K ϩ buffering in the ventral respiratory group of the brainstem, whereas Kucheryavykh et al. (2007) demonstrated impaired glutamate uptake by K ir 4.1-lacking cultured cortical astrocytes. Extracellular K ϩ has been shown to influence neuronal excitability and the efficacy of synaptic transmission in several different systems (Balestrino et al., 1986; Korn et al., 1987; Chamberlin et al., 1990; Meeks and Mennerick, 2004) . Inhibition of astrocyte glutamate transporters directly affects excitatory neurotransmission (Barbour et al., 1994; Tong and Jahr, 1994; Turecek and Trussell, 2000) , as well as animal behavior (Rothstein et al., 1996; Tanaka et al., 1997; Watase et al., 1998) . Reduction of astrocyte K ϩ and glutamate uptake observed in K ir 4.1 cKO hippocampus would therefore be expected to impair neuronal functioning. In addition, astrocyte-released neuroactive substances have been shown to affect neuronal excitability Tian et al., 2005) , excitatory and inhibitory synaptic transmission and plasticity (Kang et al., 1998; Beattie et al., 2002; Yang et al., 2003; Fiacco and McCarthy, 2004; Pascual et al., 2005) , as well as synaptogenesis and neuronal wiring (Collazos-Castro and NietoSampedro, 2001; Fasen et al., 2003; Ullian et al., 2004; Elmariah et al., 2005) . Cell depolarization may impair astrocyte intracellular signaling and lead to changes in gliotransmitter release, thus affecting neuronal activity in a variety of ways. Surprisingly, basic membrane properties, V m , R m , and whole-cell currents, as well as action potential properties of the CA1 pyramidal neurons all appeared unaffected in the K ir 4.1 cKO. However, study of neuronal spontaneous activity in the K ir 4.1 cKO demonstrated a markedly reduced frequency and amplitude of sEPSCs. K ir 4.1 cKO sEPSC frequency was ϳ45% reduced compared with the wild type, whereas sEPSC amplitude showed ϳ20% reduction. Changes in the EPSC frequency are classically attributed to changes in the presynaptic function, such as alterations in the probability of transmitter release, whereas changes in EPSC amplitude appear to involve modification of the postsynaptic terminal responsiveness (Sheng and Kim, 2002; Stevens, 2004) , both of which can be modulated by extracellular ion and transmitter levels. For example, prolonged exposure to elevated [K ϩ ] out can reduce neuronal firing, presumably by the depolarization-induced inactivation of Na ϩ channels, thereby lowering the probability of transmitter release (Poolos et al., 1987) . Astrocyte-released ATP and tumor necrosis factor-␣ have also been shown to fine-tune synaptic activity by inhibiting glutamate release and modulating the expression of AMPA receptors (Beattie et al., 2002) , respectively. Furthermore, Janigro et al. (1997) directly linked K ϩ buffering to modulation of synaptic strength by demonstrating that block of glial K ir channels and thereby impairment of K ϩ uptake prevents long-term depression maintenance in the hippocampus. They attributed this observation to the K ϩ -mediated depolarization of neuronal synaptic elements, which results in potentiation of synaptic activity (Janigro et al., 1997) . Our experiments extend these findings by demonstrating that K ir 4.1 cKO leads to marked enhancement of synaptic potentiation in the hippocampal CA1 stratum radiatum. Synaptic potentiation in K ir 4.1 cKO hippocampus was significantly elevated up to 20 min after tetanic stimulation, with PTP (2 min after stimulus) displaying 30% and STP (15 min after stimulus) 20% enhancement compared with wild type. PTP is thought to last 30 s to several minutes and be presynaptic in origin, whereas LTP, lasting hours to days, has a presynaptic and a postsynaptic component (Zucker and Regehr, 2002; Malenka and Bear, 2004) . Because the enhancement of synaptic potentiation we observe in K ir 4.1 cKO mice lasts ϳ20 min, it may involve both presynaptic and postsynaptic mechanisms. The observed slowed [K ϩ ] out clearance in K ir 4.1 KO brainstem (Neusch et al., 2006) implicates that strong neuronal stimulation may cause substantial interstitial accumulation of K ϩ that will subsequently lead to synaptic augmentation. Elevated [K ϩ ] out causes neuronal depolarization that can lead to enhanced glutamate release from the presynaptic cell and enhanced NMDA receptor activation in the postsynaptic cell (Chamberlin et al., 1990; Poolos and Kocsis, 1990) . In addition, altered gliotransmitter release and impaired glutamate uptake may also contribute to the enhanced potentiation of the K ir 4.1 cKO synapses. In summary, our data demonstrate that impairment of astrocyte K ϩ and glutamate uptake, induced by the loss of K ir 4.1, affects neuronal functioning by decreasing neuronal spontaneous activity and enhancing synaptic potentiation.
